Here we present electric field-controlled, two-dimensional (2D) exciton dynamics in transition metal dichalcogenide monolayers. We have experimentally investigated the spectral and temporal properties of the A-exciton in a molybdenum diselenide (MoSe2) monolayer under controlled variation of a vertical, electric dc field at room temperature. By using steady-state and timeresolved photoluminescence spectroscopies, we have observed dc field-induced spectral shifts and linewidth broadenings that are consistent with the shortening of the exciton's non-radiative lifetime due to field-induced dissociation. We discuss the implications of the results for future developments in nanoscale metrology and exploratory, optoelectronics technologies based on layered, 2D semiconductors.
Layered, atomically thin semiconductors provide unique opportunities for exploring the fundamentals of condensed matter physics. Zero-gap semiconductor graphene, for example, is a proven test system for two-dimensional (2D) charge carrier dynamics in which ballistic transport and quantum Hall effect occur at room temperature 1 . Similarly, monolayers of transition metal dichalcogenides (TMDs) 2 reveal the 2D dynamics of excitons, bound electron-hole pairs that determine a semiconductor's optoelectronic properties 3 . The dynamics of strongly confined excitons in electrostatic fields have been researched since the 1980s when the Quantum-Confined Stark Effect (QCSE) was discovered 4 . Principal features of QCSE, electric-field controlled light absorption and emission of excitons confined in semiconductor quantum wells [5] [6] [7] , are widely exploited in optoelectronic technologies today. In this paper, we report the experimental observation of room-temperature QCSE and electric field-induced dissociation of 2D excitons in monolayer molybdenum diselenide, MoSe2. The discovery of electric field-controlled exciton dynamics in the limit of ultimate intra-layer confinement and high binding energies prevalent in TMD monolayers paves the way for nanoscale metrology and optoelectronic technology based on layered, 2D semiconductors.
In atomically thin semiconductors, the Coulomb interaction between optically excited electrons and holes leads to the formation of excitons 8 , an elementary excited state of condensed matter. While multi-layer hetero-structures made of semiconductor thin films have been demonstrated to create nanometer scale quantum wells for 2D confinement of excitons [5] [6] [7] , a TMD monolayer confines the A-exciton, the energetically lowest-lying bound state, to a spatial domain with a thickness of even less than one nanometer, inside the crystal layer 9 , as visualized in Figure 1a . Very high binding energies of the order of 0.5eV [10] [11] [12] ensure that A-excitons remain stable and energetically resolved at room temperature 13 . The co-occurrence of efficient intra-layer confinement, high binding energies, and appreciable light absorption and emission has enabled pioneering measurements of electric field induced, spectral modifications of neutral and charged A-excitons in TMD monolayers 12, [14] [15] [16] [17] [18] [19] , including electric dc field-induced Stark shifts at low temperatures 9, 20 . With the occurrence of room temperature QCSE in TMDs, technologically viable optoelectronics based on atomically thin semiconductors would come within reach. However, impediments for its experimental discovery have been overlapping spectral signatures of neutral and charged excitons, as well as the complexity of A exciton decay dynamics at elevated temperatures [21] [22] [23] . From a theoretical point of view, the quantum mechanical conception of bound hydrogen provides a suitable approach for modeling the electric field controlled dynamics of bound electron-hole pairs in atomically thin semiconductors [24] [25] [26] . Inclusion of the electron-hole Coulomb potential in effective mass representation enables the prediction of key observables such as electric field induced, energetic shifts Δ , as well as modifications of the exciton's homogeneous, lifetime-limited spectral linewidth Γ $%& and excited state lifetime ()*+,%-, respectively. The exciton's linewidth and lifetime are inversely proportional and the lifetimelinewidth product is constant; with a lower bound given by Heisenberg's uncertainty relation. The experimental observation of electric field controlled A-exciton dynamics in monolayer MoSe2 is schematically rendered in Figure 1 . An external, electric dc field F redistributes the wave function of the A exciton, leading to a red shift and broadening of the resonance. By gradually lowering the potential barrier, F increases the probability that the exciton dissociates by means of carrier tunneling into continuum states. Field-induced exciton dissociation constitutes a nonradiative decay channel that effectively lowers the exciton's lifetime as function of F. The room temperature occurrence of such electric field-controlled spectral modifications of A excitons at short time scales are a prerequisite for high-speed, optoelectronic modulators and light emitters.
The energy diagram of the MoSe2 monolayer is depicted in Figure 1c . The absorption of a photon is followed by internal conversion into the energetically lower-lying, bound A exciton state. The A exciton decays either through non-radiative relaxation channels or by photon emission, giving rise to a photoluminescence band in the near-infrared spectral range. A low room-temperature photoluminescence quantum yield, ≤ 10 23 , 27 indicates that non-radiative exciton decay promoted by phonon scattering 21, 28 is the dominant exciton relaxation channel. Due to the complex interrelation of radiative and non-radiative decay contributions at elevated temperatures, A-exciton decay curves are multi-exponential 22, 23 . Two principal exciton decay components have been identified: a fast component, of the order of 4~1 0 267 , associated with purely radiative decay, and a slower decay component, of the order of 9~1 0 26: , mainly determined by non-radiative decay mechanisms 22, 23, 29 .
An external, electric dc field F should affect both decay components that contribute to
. Although A exciton decay at room temperature occurs predominantly at the slower decay time 9 ≫ 4 22,23 , we expect that the spectral linewidth is limited by the fast decay time, i.e. Γ $%& ( ) ≃ ℏ 4 ( ) ⁄ . An additional, inhomogeneous exciton linewidth contribution Γ +-$%& , caused by nanoscale heterogeneities and independent of the external field F, can be separated off; see Methods Section. Accordingly, we record field induced modifications of the fast decay component 4 ( ) by means of the exciton's spectral width Γ $%& ( ) while monitoring in 9 ( ) the onset of field induced exciton dissociation which is predicted to occur at sub-nanosecond time scale 25, 26 . Figure 2a visualizes the sample investigated in this study. A monolayer of MoSe2 is located at the top of an optically transparent substrate that allows for simultaneous electric control and optical inspection. Details regarding the experimental setup are provided in the Methods Section and reference 30 . The MoSe2 monolayer is partially overlaid by a monolayer of WSe2 forming a star shaped hetero-structure. The experiments have been performed in the pristine MoSe2 monolayer area that is highlighted in Figure 2a . The monolayer area under investigation has a diameter of several microns and exhibits a spatially homogenous photoluminescence response, see Fig. 2b . Figure 2c shows a representative photoluminescence spectrum that exhibits the A-exciton transition at 1.575 eV while a Raman spectrum reveals characteristic vibrational features 10, 14 .
For measuring the electric field dependence of the A exciton, a dc voltage, V, is applied between an embedded ITO electrode and a metallic electrode at the corner of the MoSe2 monolayer which is electrically isolated from the MoSe2 monolayer by an auxiliary metal oxide layer, see Methods Section. We have performed high-sensitivity measurements to validate the absence of charge carrier transport, ( ) ≤ 10 263 , for all V-values applied in the experiments. Figure 2c shows the photoluminescence spectrum of the A exciton for three representative voltage values while the inset shows the spectrally integrated photoluminescence intensity as function of V. Overall, the integrated photoluminescence intensity decreases as V increases, which agrees with experimental findings at low temperature 14 and the theoretical expectation of spectral weight reduction due to an electric field-induced loss of oscillator strength 25 . The spectral area of the A exciton is reduced by up to 40% so that even for the highest voltages applied in our experiments the bound state remains well resolved. An analysis of the electric field distribution reveals that the out-of-plane, or perpendicular, field component is dominant in our experiments, about 4 orders of magnitude larger than the in-plane, or parallel, field component. In the following, for quantifying the effects of the external electric field on the A exciton, we plot the experimental data as function of the perpendicular electric field labeled F. As a key result in Figure 3b , the analysis of the photoluminescence spectrum reveals a dc fieldinduced, quadratic (Stark) red shift of ΔE(52kV/cm) = −(1.3 ± 0.1)meV. By fitting the experimental data with a model function 9, 20 , see Equation (1) in the Methods Section, we extract the A exciton's permanent dipole moment, p = (3.4 ± 0.3)D, and its polarizability, α = (0.7 ± 0.1) • 10 2g Dm/V, similar to values measured in MoS2 and WSe2 at low temperature 9, 20 . The homogenous, spectral line width contribution of the photoluminescence band as function of the external dc field, Γ $%& ( ), is shown in Figure 3c . The measured zero-field, room-temperature value of about 37mev is in agreement with a previous report 21 and we estimate a fast decay time of τ 4 ≃ ℏ Γ $%& ⁄ = (102 ± 1)fs. Overall, we observe a field-induced, homogeneous linewidth broadening ΔΓ $%& (52kV/cm) = (3.9 ± 0.2)meV which corresponds to a ~10% reduction of the fast decay time, Δτ 4 (52kV/cm) ≃ ℏ ΔΓ $%& (52kV/cm) ⁄ = −(10.9 ± 0.8)fs. In Figure 4 , we show A-exciton photoluminescence decay as function of the external electric field. Three representative decay curves, taken at the same voltage levels as the spectra in Figure 3a , exhibit gradual exciton lifetime shortenings. A detailed analysis of the A exciton dynamics confirms that the measured photoluminescence decay curves allow us to extract the characteristic time of the slow decay component, 6/( ≡ 9 ; see Methods section. In Figure 4b , we plot the 1/elifetimes of the A-exciton as function of the electrical dc field. We fit the experimental lifetimevalues with a model function that accounts for field-induced exciton dissociation, see Methods section. We observe the threshold for the onset of field-induced exciton dissociation at about F=30kV/cm, and, overall, a lifetime shortening Δ 9 (52kV/cm) = −(50 ± 2)ps which amounts to about 14% of the zero field value. Based on the model fit, we extract : = (138 ± 5)kV/cm as a characteristic field value for appreciable exciton dissociation in our sample.
Finally, we analyze the relationship between the measured, field-controlled spectral linewidths, see Figure 3c , and exciton lifetimes, see Figure 4b . Figure 4c plots the A-exciton's linewidthlifetime product Γ $%& ( ) ⋅ τ 9 ( ); see Equation (5) in the Methods Section. We find that the fieldinduced increase of spectral linewidth, see Fig. 3c , which is due to the lifetime shortening in the
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Time ( , demonstrates an experimental accuracy typically unattained in nanoscale materials at room temperature. The unusually high spectral and temporal stability of the luminescence emission, including the robustness of the A-exciton's spectral shape under applied electric fields, is mainly responsible for achieving high signal-to-noise ratios and low error margins in the experimental data. The electric field-controlled spectral and lifetime changes, respectively, demonstrate that precision measurements of 2D exciton dynamics are feasible even in the presence of large spectral broadenings at elevated temperatures. Overall, the demonstrated consistency of energetic shifts, lifetime shortenings, and linewidth broadenings establishes TMD monolayers as a nanoscale model system for the metrology of electric field controlled light matter interaction at room temperature. The implications for optoelectronic devices based on TMD monolayers are as follows. The A exciton in MoSe2 monolayers can be energetically tuned and temporally modulated by moderate, external dc fields without the need for cooling the device to cryogenic temperatures; our timeresolved measurements suggest that high-speed operation at GHz frequencies is feasible. A plot of the key metrics based on our experimental data extrapolated across the range of realistic electric field values is shown in Figure 5 and serves as a guide for estimating optoelectronic device performance at room temperature. We note that field-controlled modifications of A exciton absorption are expected to show similar characteristics. The room-temperature QCSE effect could be exploited in TMD photonics for increasing modulation depth and responsivity, respectively, previously demonstrated in graphene-based modulators 31 , cavity emitters 32 and detectors 33 ; a domain of intense, ongoing research 34 . Furthermore, the results suggest electric field assisted exciton dissociation in combination with substrate engineering 25, 26 as a means for improving the efficiency of carrier separation in TMD-based photodetectors 35 . Moreover, the application of QCSE for tuning the emission properties of 2D excitons in TMD based LEDs [36] [37] [38] and quantum LEDs 39 show high potential for future exploration.
In conclusion, we have experimentally demonstrated QCSE of the lowest-energy A-exciton in a MoSe2 monolayer at room temperature. The shortening of the exciton's non-radiative lifetime due to field-induced exciton dissociation, consistent with field-induced spectral shifts and linewidth broadenings, confirms the validity of the 2D exciton framework in TMDs and demonstrate that high-precision measurements of quantum properties in atomically thin semiconductors are feasible at room temperature. Moreover, the results demonstrate that optoelectronics technologies based on layered, 2D semiconductors operating at room temperature are finally coming within reach.
METHODS

Materials and Device Manufacturing
We prepare the sample based on ITO-coated glass microscope cover slips having a size of 20x20mm 2 (06469-AB, Structure Probe, Inc.). We clean the cover slips by subsequently ultrasonicating them in acetone and isopropanol before placing them in oxygen plasma for 20min. The cover slips are then coated with 100nm of Al2O3 by atomic layer deposition at 250ºC to form a measurement specific substrate stack. In a separate process, TMD monolayers are grown by chemical vapor deposition on sapphire substrates 40 . For transferring as-grown TMD layers from sapphire onto the measurement specific substrate stack, they are spin-coated with PMMA and kept at 60ºC for 10min before being immersed in a 2M KOH solution at 60ºC. During this process step, the PMMA/TMD bilayer detaches from the sapphire substrate enabling the transfer to the desired location of the measurement specific substrate stack. Upon completion of the transfer, the PMMA layer is dissolved in acetone and rinsed with isopropyl alcohol and de-ionized water. We then manufacture metallic electrodes for applying electric fields to the TMD layers by using electron beam lithography. We spin-coat the sample with a PMMA resist (A4, 950 PMMA, MicroChem Corp.) and keep it at 175ºC for 10min prior to electron beam exposure. After completion of electron beam patterning, we develop the resist at 5ºC in a de-ionized water/isopropyl alcohol mixture for 60s. A titanium layer is deposited under high pressure conditions so that it immediately forms titanium oxide which acts as an insulating layer between the TMD layer and a metal electrode that is subsequently deposited by gold evaporation. Finally, the PMMA is lifted off by placing the sample in acetone at 60 ºC for 1h. In order to confirm the monolayer thickness, we perform atomic force microscospy (DI Dimension 3000, Veeco).
Optoelectronic Measurements
A customized, inverted confocal optical microscope equipped with a feedback-controlled piezoelectric scanning stage (P562.3CD controlled by unit E509.C34, Physik Instrumente PI GmbH & Co. KG) is integrated with system equipped with electrical probes (79-6000-R-03 with 7B probe tips, The Micromanipulator Company) that allows to generate electric fields within the sample by means of an external DC voltage source (6430 Sub-Femtoamp Remote SourceMeter SMU, Keithley Inc.). As excitation light source for the photoluminescence measurements, we use a pulsed laser diode operating at 488nm having pulse width of 30picoseconds and a repetition rate of 80MHz (BDL-SMN488, Becker & Hickl GmbH). The laser light is spatially filtered to select a TEM00 Gaussian profile and focused onto the sample with an immersion oil objective (100x, N.A. 1.25, Carl Zeiss AG), providing an excitation spot with a diameter of 250nm. For analysis of the photoluminescence emission, we use a spectrometer (HR550, HORIBA Instruments Inc.) equipped with a 300lines/mm grating blazed at 600nm and liquid nitrogen cooled CCD array (1024x256-BIDD-1LS, HORIBA Instruments Inc.), having a resolution limit of 0.3nm. For the acquisition of photoluminescence decays curves, we detect the laser excited emission with a photon counting module (PDM-50-CT, Micro Photon Devices S.r.l) through a band pass filter centered at the photoluminescence peak energy having a bandwidth of 100nm. The detector is connected to a time-correlated single photon counting system (SPC-150, Becker & Hickl GmbH) that is synchronized with the excitation laser, providing an instrument response function with a width of 100picoseconds.
Exciton linewidth and peak energy
In order to extract homogeneous and inhomogeneous linewidth contributions from the measured photoluminescence spectra, we fit the experimental data with a Voigt model function. The Voigt function is a convolution of a Lorentz profile and a Gaussian profile 41 :
( ; , ) = ( ; ) ⋆ ( ; ) with ( ; ) = 
The Lorentzian captures the homogeneous, the Gaussian the inhomogeneous linewidth contribution in the measured photoluminescence spectrum. Based on computational model fitting using a data analysis software (pro Fit, Quantum Soft), we extract the homogeneous linewidth contribution Γ $%& = 2 and the inhomogeneous linewidth contribution Γ +-$%& = 2 €2ln(2).
With the same analysis approach, we also obtain from the measured spectra the integrated photoluminescence intensity and exciton peak energy as function of the external, electric field F.
Electric field dependence of exciton energy, dipole moment and polarizability
For extracting the electric field-dependence of the energetic peak position, ( ), of the A exciton, we fit to the measured data the following model function 9, 20 :
Here, : represents the room temperature, zero-field peak energy of the A exciton, is the permanent dipole moment of the A exciton, and is its perpendicular, out-of-plane polarizability.
Exciton decay dynamics and exciton lifetimes
For the purpose of our analysis, τ 9 and τ 4 signify the characteristic fast and slow photoluminescence decay times, respectively, of the experimentally verified decay contributions in MoSe2 22, 23 . At elevated temperature, the probability of purely radiative decay in MoSe2 is much reduced, most likely due to temperature dependent exciton-phonon scattering 21, 22 that gradually diminishes the relative strength of the fast A exciton decay contribution as function of T 22, 23 . The measured room-temperature photoluminescence decay is dominated by an effective, slow decay component characterized by τ 9 which occurs at a time scale that can be fully resolved given the actual instrument response time, see Figure3a. We analyze the measured data with a multiexponential model function convoluted with the measured instrument response function IRF( ) using a data analysis software (Decayfit 1.3, FluorTools) where + , + characterize amplitude and decay time, respectively, of the i-th decay component:
For modeling the photoluminescence decay at larger times t ≫ 9 , the inclusion of a background decay contribution at nanosecond time scale is required. We obtain reasonable fit results using a bi-exponential model function based on Equation (3) with a background decay contribution at τ '"" ≃3ns that is found to be independent of the electric dc field. We note that the principal exciton decay time τ 9 extracted from the bi-exponential model fit and the 1/e-lifetimes extracted directly from the measured photoluminescence decay curves are found to be identical within the experimental resolution. By following the interpretation 22 of the fast exciton decay time as the intrinsic, radiative decay time, τ 4 ≡ τ •--, and assuming that the slow decay time represents the non-radiative decay, τ 9 ≡ τ -%-2•--, we obtain agreement with the field-dependence of the independently measured, integrated photoluminescence intensity, I( ) ∝ k •--k -%-2•--⁄ = τ 9 τ 4 ⁄ .
Electric field dependence of exciton lifetimes
At room temperature, we approach the field-dependence of the measured, excited state lifetime of the A exciton in MoSe2 through the field-dependence of the slow exciton decay component 
Here, the associated decay rate constant, 9,: , is the inverse of the room temperature, 1/e-lifetime at zero field which is determined by non-radiative decay processes 21 . The term containing the exciton dissociation field, : , and the fit parameter, b, capture a field-induced, hydrogen-type exciton dissociation process, see e.g. 25 , that represents an externally controlled, non-radiative exciton decay channel that occurs at time scale τ 9 .
Electric field dependence of linewidth-lifetime product
For analyzing the proportionality of experimentally observed, electric field-induced linewidth and lifetime modifications, respectively, we decompose the spectral linewidth into a field-independent term Γ $%&,: that represents the measured, room temperature full-width-at-half-maximum linewidth at zero field and a field-dependent term ΔΓ $%& ( ). Furthermore, we represent the exciton lifetime by the measured, slow decay time τ 6/( ≡ τ 9 ≫ τ 4 . We decompose τ 9 into a field-independent term τ 9,: that represents the measured, room temperature 1/e-lifetime at zero field and a fielddependent term Δτ 9 ( ). Finally, we plot in Fig. 4c 
